Purpose: To determine why, in a pilot study, only 1 of 11 cochlear implant listeners was able to reliably identify a frequency-to-electrode map where the intervals of a familiar melody were played on the correct musical scale. The authors sought to validate their method and to assess the effect of pitch strength on musical scale recognition in normal-hearing listeners. Method: Musical notes were generated as either sine waves or spectrally shaped noise bands, with a center frequency equal to that of a desired note and symmetrical (log-scale) reduction in amplitude away from the center frequency. The rate of amplitude reduction was manipulated to vary pitch strength of the notes and to simulate different degrees of current spread. The effect of the simulated degree of current spread was assessed on tasks of musical tuning/scaling, melody recognition, and frequency discrimination. Results: Normal-hearing listeners could accurately and reliably identify the appropriate musical scale when stimuli were sine waves or steeply sloping noise bands. Simulating greater current spread degraded performance on all tasks. Conclusions: Cochlear implant listeners with an auditory memory of a familiar melody could likely identify an appropriate frequency-to-electrode map but only in cases where the pitch strength of the electrically produced notes is very high.
will require relearning, or recalibration, to overcome (see Dorman & Ketten, 2003; Fu, Nogaki, & Galvin, 2005; Fu & Shannon, 1999; Svirsky, Silveira, Neuburger, Teoh, & Suarez, 2004) .
Misalignments in the frequency-to-electrode map will likely occur because the most common maps are based on the frequency-to-place maps derived from auditory hair cells (Greenwood, 1990) , not cells of the spiral ganglion (Baumann & Nobbe, 2006; Dorman et al., 2007; Kawano, Seldon, & Clark, 1996; Sridhar, Stakhovskaya, & Leake, 2006) , which are the target of electrical stimulation. Misalignments could be caused by variations in electrode placement observed across patients (Blamey, Dooley, Parisi, & Clark, 1996; Boex et al., 2006; Skinner et al., 2002) and variations in the consistency of spiral ganglion survival. Thus, the creation of an appropriate "one-sizefits-all" frequency-to-electrode map is more than unlikely.
Efforts to improve frequency-to-electrode assignments, on a group or individual level, are justified on many grounds. In the context of this report, the relevant observation is that most patients who are fit with a cochlear implant report dissatisfaction with the quality of music and struggle to identify simple melodies when forced to rely on pitch cues in the absence of tempo or rhythm (e.g., Gfeller et al., 2000; Gfeller & Lansing, 1991; Gfeller, Woodworth, Robin, Witt, & Knutson, 1997; Kong, Cruz, Jones, & Zeng, 2004 ; for a review, see McDermott, 2004; Schultz & Kerber, 1994; Spahr & Dorman, 2004; .
It is likely that there are multiple reasons for patients' dissatisfaction with music. It is also likely that one reason is inappropriate frequency-to-electrode maps. To gain insight into this issue, we asked patients to identify the appropriate musical scale for a very familiar melody: "Twinkle, Twinkle, Little Star." We relied heavily on the note structure for this melody, which is also used in the "Happy Birthday Song" and the "Alphabet Song" because of its widespread popularity and the recognizable perfect 5th interval occurring at the beginning of the melody. We searched for the appropriate frequency-to-electrode spacing by presenting the melody over approximately 2-6 mm of the electrode array in steps of 0.125 mm to compress and expand the perception of the musical intervals. The listeners were 11 patients fit with the Advanced Bionics Hi Resolution cochlear implant system. Current steering (Koch, Downing, Osberger, & Litvak, 2007; Townshend, Cotter, Van Compernolle, & White, 1987; Wilson, Lawson, Zerbi, & Finley, 1992 ) was used to create "virtual" channels between physical contacts so as to maintain an appropriate scaling of notes in each condition. Patients were informed that they would hear multiple versions of the melody and that some of these versions might sound "flat" (i.e., "the musical intervals are too small"), others might sound "stretched" (i.e., "the musical intervals are too large"), and still others might sound "correct." Participants were to identify the version that sounded the most correct (i.e., the version that was most "in tune"). We assumed that in-tune judgments would be elicited when the pattern of note frequencies produced pitch percepts that were consistent with the auditory memory of the listener or, more optimistically, when the frequency-toelectrode map was best aligned with the perceptual pitch match of the listener.
Testing revealed that only 1 patient was highly reliable in identifying a preferred frequency-to-electrode spacing-that is, the in-tune judgments varied by less than 0.5 mm/octave across multiple trials. Three patients had a moderate degree of reliability-with most in-tune responses occurring within a 1-mm/octave range. However, for 7 patients, the degree of reliability was very poor, with the in-tune responses occurring over a 2-mm/octave range. Thus, when listening to multiple presentations of the same note sequence, these patients were as likely to indicate that the in-tune perception occurred with a 3-mm/octave spacing as with a 5-mm/octave spacing. For a normal-hearing listener, a melody presented at 3 mm/octave would sound very flat, and a melody presented at 5 mm/octave would sound extremely stretched.
The research in this report was motivated by the outcome described previously-that is, the difficulty experienced by implant patients in recognizing whether a note sequence was presented over the correct distance along the cochlea. We have explored two aspects this problem using normal-hearing participants and an acoustic simulation of electrical stimulation. First, we asked whether the method we used was appropriate. If it was, then normal-hearing listeners should easily identify the correct distance. Second, we manipulated the spread of excitation in the model to assess how variations in frequency resolution (e.g., Michaels, 1957; Moore, 1973) and variations in the strength of the pitch percept (e.g., Fastl & Stoll, 1979 ) altered judgments of musical intervals.
The pitch strength of an acoustic stimulus can be varied in several ways (Fastl & Stoll, 1979) . In this project, we manipulated the signal in a manner that was relevant to electrical current spread and the breadth of the associated neural activation pattern. Thus, we used noise bands modeled after a simplified activation function for electrical stimulation (Rattay, 1990) . Different degrees of spread of electrical stimulation were modeled by varying the roll-off of the noise bands away from the center frequency. Perceptually, signals of this kind sound like "fuzzy tones"-the more gradual the roll-off, the more "fuzzy" the percept.
The value of fuzzy tones has been assessed in models of cochlear implant excitation by comparing the speech recognition abilities of cochlear implant patients with the abilities of normal-hearing participants listening to a 15-channel, fuzzy-tone vocoder (Litvak, Spahr, Saoji, & Fridman, 2007) . The outcomes revealed that variations in cochlear implant performance could be matched by varying the bandwidth of the fuzzy tones for normal-hearing listeners. Critically, the error patterns obtained from normal-hearing listeners in each condition were compared to cochlear implant patients who achieved a similar absolute level of performance on the same task. The goodness of the match was quantified by establishing the correlation between the vowel confusion matrices for the two groups of listeners. The correlations ranged from 0.77 for lower levels of performance to 0.985 at higher levels of performance. Although the ability to simulate the number and type of errors produced by cochlear implant listeners does not speak to the issue of sound quality, it does suggest that the signal had been distorted in a similar manner. With that perspective, the fuzzy tones emerged as the most appropriate acoustic signal to simulate the electrical delivery of melodic information via a cochlear implant.
Method

Participants
The participants were 10 normal-hearing listeners between 20 and 30 years of age. Normal hearing thresholds (≤ 20 dB HL) were obtained to pure-tone stimuli at test frequencies of 500, 1000, 2000, 4000, and 8000 Hz using a clinical audiometer in a sound-treated booth prior to testing. All participants were native English speakers, and all reported familiarity with the melodies described below. None of the listeners were musicians. All testing was completed at Arizona State University in Tempe, and all participants were paid for their participation. Each participant completed the musical tuning, melody recognition, and frequency discrimination tasks, respectively, during a single test session. The research protocol was approved by the Institutional Review Board at Arizona State University.
Signal Processing
The stimuli for all tests included both pure tones and noise bands (fuzzy tones). For the noise band conditions, each stimulus/note was a narrowband noise centered at the appropriate frequency. The bandwidth of each narrowband noise was proportional to the center frequency in order to achieve nearly equivalent excitation area for each note along the basilar membrane in the cochlea of normal-hearing listeners. The shape of the noise spectrum approximately corresponds to the shape of the simplified activation function for electrical stimulation described by Rattay (1990) . In the preceding function, d is the distance from the neural tissue to the electrode, and x is the location of the neuron in the neural plane. The activation function has a pronounced peak near x = 0 for small values of d and is followed by a long tail. This activation function is thought to roughly correspond to the activation pattern in the cochlea created by electrical stimulation of a single electrode. In the case of the implanted cochlea, the activation in the cochlea grows with linear current (e.g., Eddington, 1980) , whereas for normal cochlea, activation is thought to be proportional to dB SPL (Moore, 2003) . Similarly, space in the implanted cochlea can be roughly converted to the logarithm of the frequency for the acoustically stimulated case (Greenwood, 1990) . Hence, to simulate the current spread in normal-hearing listeners, x could be converted to the logarithm of the current, and activation can be converted to dB SPL.
The fuzzy tone stimuli were generated on a computer using the following relationships:
In the above equations, f 0 is the target frequency, r is the noise index used to determine the degree of roll-off away from the center frequency, F s is the sampling rate, and u[i] is a random variable that was drawn from a uniform distribution that varies from -0.5 to 0.5. Figure 1 displays the spectra of a pure tone (r = 0) and four "fuzzy tone" stimuli (r = 0.5, 1.0, 1.5, and 2.0) generated with equal center frequencies and equal intensities (re: dB RMS). Note that the degree of amplitude roll-off is constant above and below the center frequency on a logarithmic scale (dB/octave). These r values correspond to bandwidths of 0.01, 0.19, 0.79, 2.5, and > 5.0 octaves, respectively, measured 3 dB below the peak. Figure 1 . Spectra of a pure tone (r = 0) and four "fuzzy tone" stimuli generated with equal center frequencies and equal intensities (re: dB RMS).
Test Materials
Frequency difference limen (DL). Sensitivity to changes in frequency was assessed using a two-interval, forcedchoice procedure. The "standard" frequencies were 2000, 1000, and 500 Hz. Stimulus duration was 800 ms, with a 15-ms rise and fall time. Signals were presented at 65 dB SPL via Sennheiser HD250 Linear II headphones. Listeners were asked to identify the position (first interval or second interval) of the higher pitched tone. The difference in frequency between the two tones was referred to as the delta frequency (DF). A two-down, one-up tracking procedure was used to determine 70.7% discrimination. Each trial consisted of eight reversals, and threshold was defined as the average of the final six reversals. For the first two reversals, the DF was increased or decreased by a factor of 2. For the final six reversals, the DF was increased or decreased by a factor of 1.7. The reported thresholds are an average of three trials. Loudness was not roved in this experiment, as per Henning (1966) . The condition order was fixed in descending order of the noise value (r).
Melody recognition. Five melodies ("Twinkle, Twinkle, Little Star," "Old MacDonald Had a Farm," "Hark the Herald Angels Sing," "London Bridge Is Falling Down," and " Yankee Doodle") were used in this task. These melodies were commonly selected from a larger list of melodies by adult cochlear implant patients who participated in a previous study . All normalhearing listeners reported familiarity with the selected melodies prior to participation. The frequency of notes was identical to that described by Hartmann and Johnson (1991) , except that pure tones or noise bands, with a frequency equal to the fundamental frequency of the musical note, were used instead of complex musical instrument digital interface (MIDI) notes. Each melody consisted of 16 notes of equal duration. The frequencies of the notes ranged from 277 Hz to 622 Hz. Melodies were presented at 65 dB SPL in a quiet background using Sennheiser HD250 Linear II headphones. A closed-set design was used where the names of all five melodies were displayed on a computer screen. After presentation of a randomly selected melody, the listener responded by clicking the appropriate on-screen button. Participants completed two repetitions of the test procedure, with feedback, as a practice condition. In the test condition, there were five repetitions of each stimulus. The order of the items was randomized in the test list. The condition order was fixed in descending order of the noise value (r).
Musical tuning. A familiar melody ("Twinkle, Twinkle, Little Star " or "Old MacDonald Had a Farm") was presented to normal-hearing listeners using five different musical scales. The range of musical scales was chosen so that musical intervals would be perceived as reduced on one end of the spectrum and expanded on the other. In traditional western music, each successive note in the scale increases in frequency by a factor of 2 (1/12) . In this experiment the scaling factor was changed to (2
, where L represents the simulated length of the electrode array used to represent one octave. The familiar melody was presented in conditions where L was set equal to 3.0, 3.5, 4.0, 4.5, and 5.0. Thus, the intervals were reduced in the 3.0-mm and 3.5-mm conditions, correct in the 4.0-mm condition, and expanded in the 4.5-mm and 5.0-mm conditions. The notes were generated using either pure tones (r = 0) or fuzzy tones (r = 0.5, 1.0, or 1.5).
Prior to testing, listeners were informed that they would hear multiple versions of the familiar melody and that some of these versions might sound "flat" (i.e., "the musical intervals are reduced"), others might sound "correct," and still others might sound "stretched" (i.e., "the musical intervals are expanded"). Listeners were asked to play each version of the melody several times and then to determine which version was presented using the correct musical scale. During testing, listeners were seated comfortably in front of a computer monitor, and signals were presented at 65 dB SPL via Sennheiser HD250 Linear II headphones. The monitor displayed five boxes labeled 1-5. Each box contained a "play" button and a "most correct" button. The five versions of the familiar melody were randomly assigned to Boxes 1-5. Each version was played and repeated by clicking the "play" button. The listener responded by clicking the "most correct" button corresponding to the version they perceived as being presented on the correct musical scale. Participants completed 10 trials in each condition. The list order was randomized in each trial. The first 4 trials were considered practice. Responses from the final 6 trials were recorded. Responses were collected for two melodies ("Twinkle, Twinkle, Little Star" and "Old MacDonald Had a Farm") in each condition. The condition order was fixed in descending order of the noise value (r).
Results
Frequency DL
Mean frequency discrimination thresholds (in semitones) are shown in Figure 2 as a function of the setting of the noise variable r. The measured responses were converted from Hz to semitones to compensate for the different test frequencies. For r = 0, the mean frequency discrimination threshold was 0.06 semitones; for r = 0.5, the threshold was 0.30 semitones; for r = 1.0, the threshold was 1.00 semitones; for r = 1.5, the threshold was 1.75 semitones; and for r = 2.0, the threshold was 2.30 semitones. A two-factor repeated measures analysis of variance (ANOVA) was used to examine main effects of test frequency and the noise variable r on frequency discrimination. The results revealed no significant main effect, F(4, 36) = 0.22, p = .8, power = 0.5, of test frequency. A significant main effect was found for the noise variable r on frequency discrimination, F(4, 36) = 44.9, p < .001, power = 0.99. A post hoc Fisher's protected least significant difference (LSD) revealed no significant differences in the frequency difference limens (DLs) obtained in the r = 0 (average = 0.06 semitone) and r = 0.5 (average = 0.30 semitone) conditions. Frequency DLs increased significantly as the r level was increased to 1.0 (average = 1.0 semitone), 1.5 (average = 1.75 semitones), and 2.0 (average = 2.3 semitones).
Melody Recognition
Figure 3 displays melody recognition scores as a function of the noise variable r. A repeated measures ANOVA revealed a significant effect of the noise variable r on melody recognition. A post hoc Fisher's protected LSD revealed no significant difference in performance in the r = 0 (average = 99.6%) and r = 0.5 (average = 96.0%) conditions. Significant decreases in performance were observed as the noise variable was increased to r = 1.0 (average = 72.4%), r = 1.5 (average = 56.8%), and r = 2.0 (average = 39.2%).
Musical Tuning
In Figure 3 , musical tuning scores are plotted as a function of the average frequency DL. A repeated measures ANOVA revealed a significant main effect of the noise variable r. A post hoc Fisher's protected LSD revealed a significant drop in performance as the variable was increased from r = 0 (average = 86.7%) to r = 0.5 (average = 51.7%) and to r = 1.0 (average = 25.0%). There was no significant difference in performance in the r = 1.0 and r = 1.5 (average = 24.2%) conditions. Figure 4 displays the distribution of "most correct" ("in tune") responses as a function of the noise variable r. In each case, the correct scaling factor is 4 mm/octave. A clear preference for the correct scaling is observed in the sinewave condition (r = 0). A less robust preference for the correct scaling factor is observed at the lowest noise level (r = 0.5), and responses are randomly distributed across all scaling factors at the two higher noise levels (r = 1.0 and 1.5).
Discussion
In preliminary experiments described in the introduction, we presented simple melodies over different cochlear distances to determine an appropriate frequencyto-electrode map for cochlear implant patients. We found that most patients were unable to produce reliable judgments about musical tuning, despite their overall success with the device (e.g., with monosyllabic word scores of 80%-100% in quiet). In this article, we sought (a) to validate, with normal-hearing listeners, the method we used to determine the appropriate map and (b) to assess whether one factor contributing to the variability in responses was a weak perception of pitch that resulted from broad neural activation patterns associated with electrical stimulation. We have validated our methods by demonstrating that in the pure-tone condition, normalhearing listeners consistently identified the scaling factor that simulated an appropriate frequency-to-electrode map. We also found that the variability in the response pattern increased as signal bandwidth increased and pitch strength was degraded. Furthermore, we found that the fuzzy tones significantly affected frequency discrimination and melody recognition. The changes in frequency discrimination were not surprising given the many other reports on the effects of band widening on frequency discrimination (e.g., Gagne & Zurek, 1988) . However, the outcomes of the melody recognition and musical tuning studies were less predictable, given that studies have shown that listeners can attend to the edge frequency of a noise band to make reliable judgments about pitch changes (e.g., Small & Daniloff, 1967) .
Although both melody recognition and musical tuning required the listener to attend to musical intervals, there was a notable difference in the complexity of the two tasks. In the melody recognition task, the listener could use a simple process of elimination to make a judgment-for example, pitch drops at the beginning of "Old MacDonald Had a Farm" and rises at the beginning of "Twinkle, Twinkle, Little Star." In the musical tuning task, the listener was forced to compare the perceived musical intervals of the melody with the auditory memory of that melody. Thus, melody recognition cues could be obtained with gross resolution of pitch, whereas musical tuning requires fine resolution of pitch (e.g., the interval was nearly a perfect fifth). This difference in task difficulty was reflected in the outcomes of this study.
A critical outcome was that normal-hearing listeners were able to reliably identify the correct map in the musical tuning task only when the stimulus r value was ≤ 0.5. This r value corresponds to a frequency discrimination threshold of 0.3 semitones or better. In conditions where the r value was ≥ 1.0 and the frequency discrimination threshold was 1.0 semitone or poorer, listeners appeared to be making random guesses as to the "correct" musical interval, and identification of melodies was impaired. The results of our simulation are consistent with those reported for cochlear implant listeners by Nimmons et al. (2007) . They report that "listener[s] with a pitch threshold greater than 1 semitone at any base frequency will exhibit poor melody recognition" (p. 154). The 1 patient in their series who had 1.0 semitone resolution at all base frequencies had a melody recognition score of 81% correct. In our experiment, listeners with 1.0 semitone resolution averaged 72% correct-an 81 % correct score is well within the standard deviation of our scores.
In a standard Advanced Bionics cochlear implant, the electrodes are spaced approximately 1 mm apart, and the standard frequency-to-electrode map assigns a 12-semitone range of acoustic input to a 4-mm segment of the electrode array. Thus, 1.0-semitone resolution would Figure 4 . Number of "most correct" responses obtained from normal-hearing participants (n = 10) on the musical tuning task for simple melodies ("Twinkle, Twinkle, Little Star" and "Old MacDonald") presented using multiple scaling factors at each tested r value. A scaling factor of 4 mm/octave produced the correct musical intervals.
require discrimination of 3 pitches between electrodes, and 0.3-semitone resolution would require discrimination of approximately 10 pitches between adjacent electrodes. A recent study by Koch et al. (2007) suggests that the spatial selectivity necessary for semitone resolution or better in a standard frequency-to-electrode map is observed in approximately 50% of the cochlear implant population fit with the Advanced Bionics cochlear implant. However, the spatial selectivity required for 0.3-semitone resolution is observed in a very small portion of the population. In this light, the inability of most cochlear implant listeners to reliably identify a frequency-to-electrode assignment that produced "correct" musical intervals is understandable. Indeed, their pattern of results was very similar to the results obtained from stimuli generated with noise values of 1.0 or 1.5 (see Figure 4) , which created weak pitch percepts and poor frequency resolution (1 semitone or poorer).
Music, Speech, and Broad Activation Patterns Laneau, Wouters, and Moonen (2006) have used a technique similar to the one we used to study music perception with the aid of a cochlear implant. In this study, an exponential decay model was used to mimic current spread in the cochlea. As in the present study, the amount of current spread was set to approximately match the frequency resolution of individual participants. Using this technique, Laneau et al. (2006) were able to partially account for frequency discrimination of harmonic complexes. The present study extends their study to tasks such as melody recognition and musical tuning (i.e., interval estimation).
As noted in the introduction, Litvak et al. (2007) found that variations in vowel recognition by cochlear implant patients could be modeled with very high accuracy (r = 0.77 to 0.985) by changes in the width of cochlear activation patterns. In a related study, used shaped noise bands (-24 and -6 dB/octave filter slopes) to assess the effects of channel interactions, or current spread, on speech understanding in noise. They found that the significant release from masking achieved by normal-hearing participants listening to cochlear implant simulations with noise bands created with narrow (-24 dB/octave) filter slopes was reduced or eliminated by simulating channel interaction, or spectral smearing, with wider (-6 dB/octave) noise bands. Given the Litvak et al. (2007) and outcomes with speech and the outcomes from the present study and Laneau et al. (2006) for music and tone complexes, it seems likely that much of the difficulty experienced by cochlear implant patients, in terms of speech understanding and melody recognition, can be accounted for by models in which pitch strength is degraded using broad acoustic outputs. If our reasoning is correct, then significant efforts should be directed toward the development of a stimulation strategy that reduces the spread of electrical excitation and increases the pitch strength produced by stimulation of individual electrodes. At present, tripolar stimulation (e.g., Spelman, Pfingst, Clopton, Jolly, & Rodenhiser, 1995) appears to have the best chance of reducing the spread of electrical excitation (Bierer & Middlebrooks, 2002; Kral, Hartmann, Mortazavi, & Klinke, 1998) and increasing pitch strength (Marzalek, Dorman, Spahr, & Litvak, 2007) .
